Summary. The distribution of the points of breakage and reunion of a series of 58 Robertsonian translocations, 53 reciprocal translocations, and 10 inversions is described. An excess of 13/14 and 14/21 rearrangements was found among the Robertsonian translocations, this excess being independent of the method of ascertainment of the proband. The distribution of break points between chromosome arms in the reciprocal translocations, with the possible exception ofthe long arms of chromosome 11, was no different from that expected on the basis of their relative lengths. However, within arms there appeared to be an excess of breaks in the terminal regions, an excess of terminal/centromeric translocations where ascertainment was through a balanced carrier and a possible excess ofterminal/median translocations where ascertainment was through an unbalanced carrier. Nine inversions were analysed and three of these involved identical break points on chromosome 8.
The recently developed techniques for banding chromosomes have enabled every chromosome in man to be unequivocably identified and, furthermore, because the banding pattern of any particular segment of a chromosome arm retains its characteristic morphology when transferred to another part of the complement, structural rearrangements within and between chromosomes can be identified with considerable accuracy. Not only can the chromosome arm involved in the rearrangement be determined but, in many cases, the position of the breakpoints can be localized to a single band.
These developments have resulted in two advances in the study of structural abnormalities of the chromosomes. Firstly, they have enabled structural abnormalities previously recognized by simple staining techniques to be accurately classified.
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Second, they have enabled structural rearrangements to be ascertained which were undetectable when size and arm ratio were the only criteria by which to recognize altered chromosomes. Such aberrations include paracentric inversions, pericentric inversions where the break points are equidistant from the centromere, and reciprocal translocations where the exchanged segments are of approximately equal size. It has been suggested that as many as 75%b of all structural abnormalities in man may fall into those categories unrecognizable on the basis of length and centromere index alone (Jacobs, Frackiewicz, and Law, 1972) . The chromosomes of a large number of randomly selected individuals will have to be examined with the banding techniques to determine, with any degree of confidence, the frequencies and significance of previously undetectable structural abnormalities of the chromosomes. However, banding techniques can be utilized immediately to classify with accuracy many of the structural rearrangements of the chro- In order to determine the chromosomes involved in the rearrangements and the position of the break points the cells were stained with quinacrine dihydrochloride and viewed on a fluorescent microscope (O'Riordan et al, 1971 ) and/or stained with Giemsa after treatment with SSC (ASG technique-Sumner, Evans, and Buckland, 1971) . Where appropriate, these techniques were augmented by the centromeric heterochromatin technique (Sumner et al, 1971) . In view of the difficulties of obtaining satisfactory ASG-banded preparations from old slides or from preparations previously stained with aceticorcein, fresh blood samples were obtained from the great majority of individuals with a rearrangement. In the event we have been able to identify all but 16 of the original 121 rearrangements. The non-identified rearrangements consisted of eight Robertsonian translocations, seven reciprocal translocations, and one inversion. In the majority of cases where we failed to obtain a repeat blood sample it was because the patient had died and no relatives having the rearrangement were available. Therefore, the unidentified rearrangements almost certainly represent a non-random sample of our total population.
Results
It must be emphasized that all the rearrangements were originally recognized by direct microscopical examination of orcein-stained preparations. In the great majority of instances the nature of the rearrangement was correctly interpreted on the original preparation. However, on seven occasions re-examination of the rearrangement with the banding techniques showed our original interpretation to be wrong (Table I) . Four people were originally thought to have a deletion which was subsequently shown to be a reciprocal translocation; two people were originally thought to have a pericentric inversion which was subsequently shown to be a reciprocal translocation, while all that could be said of the orcein preparation of the remaining patient was that she was missing a chromosome 1, a chromosome 3, and a C-group chromosome and that these were replaced by three abnormal chromosomes. Her chromosome constitution was subsequently Reciprocal Translocations. A total of 48 reciprocal translocations was ascertained through a proband with a balanced complement (Appendix, Table D), and it has been possible to analyse 42 of these. The position of the 84 breakpoints is shown in Fig. 1 and the distribution of the break points by chromosome arm is shown in Table IV , together with the distribution expected if the break points had We have identified only five reciprocal translocations ascertained through an unbalanced proband, all have been analysed and the 10 break points are shown in Fig. 1 . These data are too few to permit any valid analysis; however it is of interest that three of the five translocations involve a chromosome 9 and in two of them the translocation is between a chromosome 9 and a chromosome 22. Where a translocation is ascertained through an unbalanced carrier, there is, in addition to the observational biases mentioned above, a bias introduced because of selection for viability of the aneuploid segregant. Viability in general is likely to be maximal when the duplication deficiency involves a minimal amount of genetic material. Therefore, viability of unbalanced carriers will be maximized the nearer the break points are to the chromosome tips. However, if both break points are in the terminal regions of the arms the translocation will be difficult to see, especially on non-banded preparations. Therefore, it seems probable that the additional bias introduced when ascertainment is through an unbalanced proband will be towards translocations where one break point is in the terminal region, the other being in the median region. This will produce a translocation which has a high probability of being visible and at the same time one that has a class of aneuploid segregant with a high probability of being viable because it has only a very small deficiency-minimal deficiency presumably being more important for viability than minimal duplication. In this respect it is of interest that four of our five translocations ascertained through an unbalanced carrier are indeed of the terminal/median type, the remaining one being centromeric/median. This is in marked contrast to the figures given in Table VI for the 42 translocations ascertained through a balanced carrier. Francke (1972) reported, in a series of translocations ascertained through unbalanced carriers an apparent excess of break points in the terminal regions of the chromosomes. As one explanation for her observations she suggested that the translocations might not be reciprocal but might be the result of a single break with joining of the fragment to the telomere of the recipient chromosome. It seems to us that a more realistic explanation for her observation may well be offered by observational and ascertainment biases towards terminal breakpoints.
The distribution of chromosome break points among individuals carrying a structural rearrangement is affected by the position of the initial points of breakage arid exchange and by the way selection has acted on the cell or organism carrying the rearrangement. It is impossible, in dealing at the level of the living organism, to avoid the effects of selection, but these effects are minimal among individuals who are mutants for an apparently balanced rearrangement. It is therefore of some interest to compare the distribution of break points among the nine analysed translocations known to be the result of fresh mutations with the 21 analysed translocations known to be inherited. On these limited data there are no obvious differences between the two groups in the distribution of break points either between chromosome arms or within them.
Inversions. A total of nine inversions was ascertained through an apparently balanced proband while one was ascertained through an unbalanced proband who had inherited an inverted chromosome 18 and had in addition, as the result of non-disjunction, an abnormal chromosome which was interpreted as a recombinant chromosome resulting from crossing over in the inversion loop. (Appendix, Table F .) It was possible to analyse nine of the inversions and one was found in each of chromosomes Nos. 1, 2, 3, 5, 18, and 19. However, all three of the inversions of a C-group chromosome which were analysed were found to involve chromosome 8, and furthermore, in all three the break points appeared to be identical. There are a number of possible explanations for this finding. Firstly, it may be that all three are derived from a common ancestor. We have studied the relatives of all three probands; in two families we have traced the inversion back for two generations and in one for three generations without finding any common ancestor. However, this by no means excludes the possibility of a common origin for these three inversions. Second, bands 8p32 and 8ql 1 may be particularly prone to breakage and reunion. Thirdly, it may be that the possession of this inversion confers some selective advantage on its carriers, although this is not obvious from an analysis of the affected families (Jacobs et al, 1967) .
Discussion
Robertsonian Translocations. The nonrandomness of chromosomes involved in Robertsonian translocations described here confirms the findings of a number of previous reports in which the D-group chromosomes were identified by autoradiography (for review see Cohen, 1971 Grouchy, Crippa, and German, 1970; Hecht and Kimberling, 1971) . Second, there are those hypotheses which suggest that the observed differences in frequencies are the result of selection (eg, Rowley and Pergament, 1969; Hamerton, 1970) . As more data become available it should be possible to test both hypotheses directly by calculating the mutation rate for every type of Robertsonian translocation.
In this respect it is of some interest to examine the distribution of the karyotypes of Robertsonian translocation among the probands who are known to be mutants. In our material, among the 20 probands ascertained through a balanced carrier where the chromosomes have been identified, and where the karyotypes of both parents have been examined, only three are mutants. However, two of these belong to rare classes; one is the only 14/15 translocation in the D/D group and is at the same time the only mutant, while the other has a 15/22 constitution. In contrast, in the data reported by Cohen (1971) there are three mutant heterologous D/D translocations where the ascertainment is through a balanced proband, and all three belong to the 13/14 class. These data are clearly too limited to allow us to draw any conclusions.
Reciprocal Translocations. With the possible exception of the long arm of chromosome 11, the distribution of break points by chromosome arm appears to be in agreement with the number expected on the basis of length. The excess of break points and the excess of translocations involving one break point in the terminal and one in the centromeric region may reflect a real excess of points of exchange in these regions or it may be the result of observational bias.
In this respect it is of interest to compare the distribution of break points in reciprocal translocations ascertained through a balanced carrier with that found in aberrations caused by ionizing irradiations. Caspersson and his colleagues (1972) in a preliminary report of the break points produced in vitro by irradiation of human peripheral blood claimed evidence for 'different sensitivity of different parts of one and the same chromosome'. Judging from their figure it appears that in many chromosomes the terminal and centromeric regions show more breaks than the remainder of the chromosome. Seabright (1973) has also published evidence on the distribution of breakpoints in cultures of human peripheral blood irradiated in vitro. She suggests that the number of autosomal breaks is proportional to the length of interband material on trypsin treated preparations but that there is an absolute deficit of breaks in both the X and Y chromosomes. Furthermore, she finds a marked paucity of breaks in the distal (or terminal) region of the arms, this deficit applying both to simple breaks and to exchange events. San Roman and Bobrow (1973) studied the distribution of breaks induced both in vivo and in vitro by ionizing radiations. As the results did not differ in the two types of observations they were pooled for analysis. The number of breaks was found to be proportional to chromosome length with the exception of chromosome 3, in which there was an excess of breaks, and chromosome 16 in which there was a deficit. When the position of breaks within the chromosome arms was analysed there was an excess in the telomeric (or terminal) regions.
An attempt to draw general conclusions on breaks induced by ionizing irradiations from these three papers is difficult, but it does seem that the number of autosomal breaks may well be proportional to chromosome length, and two of the three papers appear to find an excess of breaks in the terminal regions. In both respects these observations are similar to our findings for congenital translocations.
As the initial observations on radiation induced rearrangements were made on banded preparations they are free of some, but not all, of the biases which are inherent in our material. The results therefore suggest that there may well be a real nonrandom distribution of the points of breakage and exchange in human chromosome aberrations.
Inversions. The data on pericentric inversions are too few to permit any conclusions to be drawn. However, if our observations with respect to chromosome 8 are confirmed in other populations it will suggest that this particular inversion is fairly widespread in the population.
Before it can be said with certainty whether or not break points associated with structural rearrangements of the chromosome in man are distributed at random, both within and between the chromosomes, many more data are needed. Ideally, if the effects of selection are to be minimal these data should be obtained from an unselected series of newborns carrying balanced rearrangements recognized on banded preparations and who are known to be the result of fresh mutations. As yet, we are a long way from having available adequate data of this type. We would like to express our gratitude to all members of the Cytogenetics Section of the Unit, both past and present, without whose efforts the work described in this paper would have been impossible. 
